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Biotechnology, Graduate School of Engineering Science, University of Fukui, Fukui, JapanABSTRACT To identify the interaction sites of Tm, we measured the rotational motion of a spin-label covalently bound to the
side chain of a cysteine that was genetically incorporated into rabbit skeletal muscle tropomyosin (Tm) at positions 13, 36, 146,
160, 174, 190, 209, 230, 271, or 279. Most of the Tm residues were immobilized on actin filaments with myosin-S1 bound to
them. The residues in the mid-portion of Tm, namely, 146, 174, 190, 209, and 230, were mobilized when the troponin (Tn) com-
plex bound to the actin-Tm-S1 filaments. The addition of Ca2þ ions partially reversed the Tn-induced mobilization. In contrast,
residues at the joint region of Tm, 13, 36, 271, and 279 were unchanged or oppositely changed. All of these changes were
detected using a maleimide spin label and less obviously using a methanesulfonate label. These results indicated that Tm
was fixed on thin filaments with myosin bound to them, although a small change in the flexibility of the side chains of Tm residues,
presumably interfaced with Tn, actin and myosin, was induced by the binding of Tn and Ca2þ. These findings suggest that even
in the myosin-bound (open) state, Ca2þ may regulate actomyosin contractile properties via Tm.INTRODUCTIONThe thin filaments of skeletal and cardiac muscle consist of
actin, tropomyosin (Tm), and troponin (Tn). Conforma-
tional changes in troponin, induced by the binding of
Ca2þ and in association with Tm, act as a switch that regu-
lates muscle contraction (1–4). The crystal structures of
actin, tropomyosin, and the troponin core domain have
been resolved. Atomic models based on electron micro-
scopy reconstructions have revealed the positions of Tm
on the actin filament in the absence and presence of troponin
and Ca2þ (5,6). Recently, using three-dimensional fluores-
cence resonance energy transfer analysis, atomic models
of the actin-Tm complex (7) and the actin-Tm-Tn core
domain complex (8) on a reconstituted thin filament with
and without Ca2þ have been reported. However, the struc-
ture of the thin filament has not been determined at high res-
olution. The well-known steric blocking model, in which the
binding of Ca2þ to Tn triggers the movement of Tm to a
different position on the actin filament (9–11), was based
on x-ray diffraction (12–14) and electron microscopy data
(5,6,15–17).
In the three-state model, the movement of Tm occurs
upon the transition from the blocked to the closed state
and proceeds further upon the binding of myosin heads to
actin, resulting in the open state (18–21). Tm is a two-chain
a-helical coiled coil that binds along the length of the actin
filament and regulates its function. Upon the binding of S1
myosin heads in the absence of ATP, Tm binds strongly toSubmitted May 26, 2013, and accepted for publication October 1, 2013.
*Correspondence: arata@bio.sci.osaka-u.ac.jp
Keisuke Ueda’s present address is Institute for Protein Research, Osaka
University, Yamadaoka 3-2, Suita, Osaka 565-0871, Japan.
Editor: Christopher Berger.
 2013 by the Biophysical Society
0006-3495/13/11/2366/8 $2.00actin filaments (22–24). A recent cryoelectron microscopy
study of the acto-Tm-S1 complex showed that Tm interacts
with myosin heads as well as the actin surface (25). How-
ever, the presence of Ca2þ did not change the affinity of
Tn for the acto-Tm-S1 complex or the affinity of Tm-Tn
for the acto-S1 complex (24), although Tn with or without
Ca2þ greatly changed the affinity of Tm-Tn for actin fila-
ments in the absence of S1 (23). These results suggest that
the structure of the acto-Tm-S1 complex in rigor is most
stable and remains the same with and without Tn, irrespec-
tive of the presence of Ca2þ. As expected, no Ca2þ- or
Tn-induced structural changes in Tm on actin filaments
saturated with myosin S1 were found in the studies using
fluorescent probes (26,27). However, Borovikov et al. (28)
detected significant Tn- and Ca2þ-induced changes in the
polarization of a fluorescent probe attached to Tm on actin
filaments with S1 bound to them, even in the absence of
ATP, suggesting that Tm moves on the rigor-state actin-
Tm-S1 complex with and without Tn and/or Ca2þ.
We previously used site-directed spin-labeling EPR spec-
troscopy, a technique that is exceedingly sensitive to tertiary
contacts or steric hindrance (29–31), to study the rotational
motion of a spin label attached to side chains at the e and f
positions along the entire coiled coil of Tm. Substantial
changes in the mobility of the spin-label were observed
when the reconstituted thin filament was partially saturated
with S1 (32–34). The purpose of the research presented here
was to extend that study and examine the dynamics of Tm
in the acto-Tm-S1 complex and in the acto-Tm-Tn-S1
complex with and without Ca2þ. Most Tm residues were
immobilized on actin filaments upon the binding of S1, sug-
gesting that the acto-Tm-S1 complex is stable. However,http://dx.doi.org/10.1016/j.bpj.2013.10.002
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significantly mobilized when Tn was bound to the actin-
Tm-S1 filaments, and the addition of Ca2þ ions partially
reversed the Tn-induced mobilization of Tm residues on
the S1-bound thin filaments. The results suggest that a small
but significant change in the mobility of Tm side chains
occurs when the Tn complex binds to Tm, and its Ca2þ-
induced conformational changes result in small rearrange-
ments in the tight-binding interfaces among Tn, Tm, actin,
and myosin. This finding implies that even in the myosin-
bound (open) state, Ca2þ may regulate actomyosin contrac-
tile properties via Tm.FIGURE 1 (A) Structures of the spin labels used in this study, MSL and
MTSL, bound with the cysteine residue. (B) Position of spin-labeled resi-
dues (C*) in the amino-acid sequence of cysteine mutants of Tm.MATERIALS AND METHODS
Protein preparation
All of the proteins were prepared as described previously in Ueda et al. (33).
Skeletal muscle Tm and Tn were prepared according to Ebashi et al. (35)
and Aihara et al. (36,37), actin was prepared according to Spudich and
Watt (38), and myosin S1 was prepared as described by Weeds and Taylor
(39). The single-cysteine Tm mutants (at residues 13, 146, 160, 174, 190,
209, 230, 271, or 279) were constructed by following the methods described
by Kimura-Sakiyama et al. (40). In the a-helical coiled-coil packing,
repeating heptapeptides are arranged as structural units (41). Most MSLs
or MTSLs bound themselves to two canonical sites at the outer position
of the a-helical coiled-coil double strand, where residues 13, 146, 160,
174, 209, 230, and 279 are at the f position and 271 is at the e position. How-
ever, residues 36 and 190 are located in the a position opposite the a-helical
coil, and are derived from natural Tm.Spin labeling
Tmwas labeled at its cysteine residues with spin labels MSL (4-maleimido-
2,2,6,6-tetramethyl-1-piperidinyloxy) or MTSL ((1-oxyl-2,2,5,5-tetrame-
thylpyrrolidin-3-yl) methyl methanethiosulfonate) (Fig. 1), as described
previously in Ueda et al. (33). The reaction was performed as follows: a
solution of 20–30 mM Tm was incubated with a 4 molar excess of MSL or
MTSL for 2 h at 37C, in 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, and
4Mguanidine hydrochloride, in which all of the coiled double strands disso-
ciate into single chains. The solution was then dialyzed against 100mMKCl
in 20mMTris-HCl (pH 7.5) to remove the unreacted spin labels and renature
the protein. After dialysis, remaining free spin label was removed from Tm
by washing it with 100 mM KCl and 20 mM Tris-HCL (pH 7.5) by ultra-
filtration over a 4-kDa cutoff membrane. Until the components of free
spin label vanished from EPR spectra, this washing procedure was repeated
several times. However, some of MTSL-labeled Tm contained a faint EPR
signal of free spin label because free MTSL was released after dialysis
and ultrafiltration (33). The ratio of spin label to protein was determined
by double integration of the EPR signal, which indicates the number of
spin labels, whereas the protein concentration was determined using the
BCA protein assay (Thermo Fisher Scientific, Rockford, IL).Reconstitution of thin filaments
The thin filaments were reconstituted with spin-labeled Tm, as described
previously in the literature (33,36,37). G-actin was incubated in 20 mM
Tris-HCl (pH 7.5), 100 mMKCl, and 4 mMMgCl2 for 30 min. Spin-labeled
Tm and Tn were added to the G-actin solution (~100 mM, 0.3–0.5 mL) and
further incubated for 1 h, in the presence of either 0.1 mM CaCl2 (þCa2þ
state) or 5 mM EGTA (-Ca2þ state). The molar ratio was set at 1:1:3 for the
spin-labeled Tm and Tn complex and actin. Then, the mixture was centri-fuged at 130,000 g for 30 min, and the pellet containing spin-labeled Tm
was finally resuspended in a small volume (20–100 mL) of 20 mM
Tris-HCl (pH 7.5), 100 mM KCl, 4 mM MgCl2, and 0.1 mM CaCl2 or
1 mM EGTA. The amounts of TnC, TnI, TnT, Tm, and actin were assessed
by sodium dodecyl-sulfate polyacrylamide gel electrophoresis. The suspen-
sion, containing 20–40 mM Tm, was assessed by the EPR measurements.
The same conditions were used to prepare Tm-actin. Before centrifugation,
the Tm-actin or the thin filaments reconstituted with spin label were mixed
with various molar ratios of myosin S1:actin.ATPase assay
The ATPase activities of the reconstituted systems composed of S1, Tn, Tm,
and F-actin were determined in the presence and absence of Ca2þ from the
time course of NADH absorption, according to Matsuo et al. (42), and as
described previously in Ueda et al. (33). The measurements were performed
at 25C in 10 mM KCl, 4 mM MgCl2, 20 mM Tris-HCl (pH 7.6), 50 mM
CaCl2 (þCa2þ state) or 1 mM EGTA (–Ca2þ state), 4 mM F-actin,
0.7 mM Tm, 0.8 mM Tn, 1 mM S1, and 2 mM ATP, in which 2 mM phos-
phoenolpyruvic acid, 0.3 mM NADH, 38 U/mL of pyruvate kinase, and
50 U/mL of lactate dehydrogenase were included.EPR spectroscopy and analysis
EPR spectroscopy was performed as described previously in the literature
(33,36,43,44), using an ELEXSYS E500 spectrometer (Bruker BioSpin,
Kanagawa, Japan) equippedwith a dielectric resonator. The sample solutions
(~15 mL were loaded into capillaries (inner diameter: 1.0 mm) and inserted
into the resonator, and the EPR spectra were acquired using a 1-G field mod-
ulation amplitude at 100 kHz and 5 mW incident microwave power at 25C.
The spectra were overlaid after the experimental spectra were corrected for
the baseline and normalized to the same spins by double integration. The
difference spectrum produced by subtracting the spectra before and afterBiophysical Journal 105(10) 2366–2373
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time. The effective rotational correlation time (t) was determined using the
equations for isotropic rotational motion, as described previously in the liter-
ature (33,37,45), although the observed spectrum reflected anisotropic rota-
tionalmotion. In the fastmotion regime (t¼ 109 s), the correlation timewas
calculated from the spectrum consisting of a single motion component using
the equation of Redfield (46):
t ¼ 1:22  109 DH0
n
30:5=4
ðV0=Vþ1Þ0:5
 ðV0=V1Þ0:5
o
;
where DH0 is the peak-to-peak line width of the central line and Vm (m ¼
1, 0, þ 1) is the peak-to-peak height. The effective rotational correlation
time in the slow motion regime (t¼ 109 ~2 107 s) was calculated from
a spectrum consisting of single or multiple motion (fast and slow) compo-
nent(s), according to an equation of Goldman et al. (47):
t ¼ a1 Teff=Tmax
b
;
where a ¼ 5.4  1010 s, b ¼ 1.36, Tmax (¼ 35 G) is the rigid limit for a
particular spin, and 2T is the width between the low- and high-field190a-MSL 13f-MSL 
a feff
absorption peaks. Flat peak and wide splitting were difficult to attain for
accurate estimates of the values of Teff and rotational correlation time.
Although the difference spectra provided more-accurate estimations of
Teff, we measured at least three spectra from different samples and deter-
mined the average values of correlation time. The Teff value had at least
2–3% error in the case of faint peaks and the correlation time had ~20–
30% errors for average correlation times of <10–20 ns. However, when
the Teff value was close to the rigid limit, the error rate exceeded 50%
when the average correlation time was >50 ns.209f-MSL
230f-MSL 
271f-MSL 
279e-MSL 
36a-MSL
146f-MSL 
160f-MSL 
174f-MSL 
b
c
d
e
g
h
i
j
FIGURE 2 Overlay of the EPR spectra from the MSL in Tm on actin fil-
aments with S1 (Tm-actin7-S17, black line), on the thin filaments with S1RESULTS AND DISCUSSION
Spin labeling
Labeling rabbit skeletal tropomyosin (Tm) with MSL or
MTSL (Fig. 1 A) resulted in the covalent modification of res-
idues Cys-13, -36, -146, -160, -174, -190, -209, -230, -271,
and -279 (Fig. 1 B). We did not examine the residues
between 36 and 146 at periods 2 and 3 because mutational
analysis of Tm indicated that the residues at periods 1, 5,
and 7 of Tm are primarily important for actin binding (48).
We checked the calcium sensitivity of myosin S1 ATPase
upon activation by thin filaments reconstituted with spin-
labeled Tm. All of the activities were inhibited 80–90% in
the absence of Ca2þ, similar to the behavior of intact acto-
myosin ATPase, indicating that the spin labeling did not
significantly affect the regulatory activity of Tm (33,40).
As determined from the concentrations of protein and the
spin label, the labeling efficiency of rabbit tropomyosin
was>0.8 mol of spin label/mol of tropomyosin cysteine res-
idues. Therefore, EPR spectrum may detect two spin labels
at one region of the Tm dimer moving differently.(Tm-Tn-actin7-S17, blue line), and on thin filaments with S1 in the presence
of Ca2þ (Tm-Tn-actin7-S17 (þCa), red line). Spectra from MSL at residues
13 (a), 36 (b), 146 (c), 160 (d), 174 (e), 190 (f), 209 (g), 230 (h), 271 (i), and
279 (j). Positions a, e, and f of the residues in the coiled coil are indicated at
the end of the residue number. (Single arrows) Peaks with significant
changes in height. (Double arrows) Significant shifts of peak position.
(Arrowheads) Strongly immobilized peaks.Interaction sites of spin-labeled Tm with Tn,
Actin, and Myosin-S1
The central aim of our research is to understand the to-
pology and conformational dynamics of tropomyosin onBiophysical Journal 105(10) 2366–2373muscle thin filaments. We have used site-directed spin label-
ing EPR, which allowed us to determine the side-chain
mobility of a specific amino-acid residue. We can use this
technique to determine residual steric hindrance from the
binding or contact of tropomyosin with actin, troponin, or
myosin to obtain a topological model of the thin filaments.
For the purpose of this study, simple spectral measures
served to reveal mobility changes in the MSL or MTSL of
the residual side chain (Figs. 2 and 3). For example, changes
in spectral amplitude in the normalized spectra reflect
changes in line-width and hence in spin-label mobility on
the nanosecond timescale; decreases in intensity reflect de-
creases in mobility and vice versa. In cases of low mobility,
where outer hyperfine extrema are resolved in the spectra,
an increase or decrease in the splitting 2Teff reflects a
decrease or increase in mobility, respectively. In most of
the spectra containing mobile and immobile components,
which reflect tertiary interaction of the side chains between
two structural states, their peak intensities represent the
Tropomyosin on S1-Bound Thin Filament 2369mobile and immobile populations. Based on these criteria, a
qualitative assessment of mobility changes can be made.
Tm-Actin7-S17
Strongly or moderately immobilized components (Teff >
62 G and effective rotational correlation time >10 ns) ap-
peared in the spectra of MSL-labeled Tm residues 13, 36,
146, 160, 174, 190, 209, 230, 271, and 279, and in the spec-
trum of MTSL-labeled residues 160, 190, 209, 271, and 279,
together with a mobile component (rotational correlation
time ¼ ~2 ns) when S1 was added to the Tm-actin filaments
(Figs. 2 and 3, black lines). In fact, the strongly or moder-
ately immobilized components were produced by digital
subtraction of one spectrum from another by varying the
relative fractions (see Fig. S1 in the Supporting Material).
One or both of two MSLs in a Tm coiled coil dimer may
be fixed because various fractions (0.2–1.0) of MSL were
immobilized. The residues 36 and 190 showed similar
strongly or moderately immobilized spectra in both MSL-
and MTSL-labeled preparations because they were placed
at the a-position of the a-helical coil, the most interior loca-
tion of Tm. (These spectra might show weak spin-spin inter-190a-MTSL 
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FIGURE 3 Overlay of the EPR spectra from the MTSL in Tm on actin
filaments (Tm-actin7, black line), on thin filaments (Tm-Tn-actin7-S17,
blue line), and on thin filaments in the presence of Ca2þ (Tm-Tn-actin7-
S17 (þCa), red line). The conditions are as described for Fig. 2, except
that Tm was labeled with MTSL.action if any.) The average values of the effective rotational
correlation times for the immobilized components of MSL-
13, -36, -146, -160, -174, -190, -209, -230, -271, and -279
were 11.0, 13.0, 11.2, 250, 11.3, 30.0, 11.8, 12.1, 13.3,
and 14.8 ns, respectively. The fractions of the immobilized
components of these residues were estimated to be 0.7, 1.0,
0.7, 0.2, 1.0, 1.0, 0.7, 0.85, 0.7, and 1.0, respectively (see
Fig. S1). The average values of the effective rotational cor-
relation times for the immobilized components of MTSL-
13, -36, -160, -190, -209, -271, and -279 were 2.2, 5.8,
18.3, 18.3, 5.6, 220, and 12.3 ns, respectively. These results
suggested that Tm was stabilized along the entire length of
actin filaments with bound myosin, as supported by a recent
cryoelectron microscopy study of the acto-Tm-S1 complex
that found that Tm interacts stably with myosin heads as
well as actin surface (25).
Tm-Tn-Actin7-S1
To evaluate whether the structure of the rigor acto-Tm-S1
complex is affected by Tn binding, we examined the effect
of Tn on the spin-label mobility of Tm. We found similar
immobilized and mobilized components of MSL- or
MTSL- labeled residues of Tm in the Tm-Tn-actin7-S17
complex (Figs. 2 and 3, blue lines). The mobilized compo-
nent was significantly enhanced in the spectra of MSL-
labeled 146, 174, 209, and 230, and MTSL-labeled residues
146, 160, 174, and 190 in the mid-portion of Tm in the
Tm-Tn-actin7-S17 complex compared with those of these
residues in the Tm-actin7-S17 complex (Figs. 2 and 3).
The peak heights of the mobilized components of these res-
idues were clearly increased, by 1.5–2.5 times for MSL, and
significantly increased by 1.1–1.3 times for MTSL, when Tn
bound to the Tm-actin7-S17 complex (Fig. 4 B). The immo-
bilized peak shifted from lower mobility to higher mobility
in the spectrum of MSL-labeled residue 190 (with larger
hyperfine splitting Teff). The effective rotational correlation
times for these residues were decreased from 30 to 6.3 ns. A
small shift of the mobilized peak of MTSL-230 indicated
a slight decrease in rotational correlation time from 1.9 to
1.7 ns (Figs. 3 and 4 B).
Small increases in the peak height were difficult to use to
tell whether changes are due to a small increase in the frac-
tion of mobilized component or line-shape sharpness caused
by an increase in spin-label mobility. However, in some
cases the mobilized and immobilized components could
be resolved by digital subtraction of one spectrum from
another by varying the relative fractions (see Fig. S1). The
average values of the effective rotational correlation times
for the mobilized components of MSL-146, -160, -174,
-209, and -230 were 1.5, 1.9, 1.6, 1.6, and 1.5 ns, and those
of MTSL-146, -160, -174, and -190 were 0.9, 1.8, 1.1 and
4.5 ns, respectively (Fig. 4 B). Changes in the spectra
from MSL-146, -209, and -230 appeared to result from
increasing the fraction of mobilized component by 0.3,
0.25, and 0.50, respectively. In contrast, the mobilized peaksBiophysical Journal 105(10) 2366–2373
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FIGURE 4 Profiles of (A) the effective rotational correlation times (t)
and (B) the peak heights of the mobilized components as a function of
(C) the number of MSL- or MTSL-labeled Tm residues. The effective rota-
tional correlation time was estimated from the spectra shown in Figs. 2 or 3,
and presented as the average value obtained from at least three preparations
(see Materials and Methods). When the spectrum consisted of mobilized
and immobilized components, the major peak (indicated by an arrow in
Fig. 2 or 3) was used to estimate the effective rotational correlation time.
In some cases, the spectra were resolved into immobilized and mobilized
components: MSL-Tm-Tn-actin7-S17 (cross), MSL-Tm-Tn-actin7-S17
(open circle), and MSL-Tm-Tn-actin7-S17 (þCa) (solid circle), and MSL
immobilized component (wide diamond); MTSL-Tm-Tn-actin7-S17 (plus
mark), MTSL-Tm-Tn-actin7-S17 (open triangle), MTSL-Tm-Tn-actin7-S17
(þCa) (solid triangle), and MTSL immobilized component (tall diamond).
The peak heights of the normalized spectra of Tm-Tn-actin7-S17
and Tm-Tn-actin7-S17 (þCa) were compared to those of Tm-actin7-
S17: MSL-Tm-Tn-actin7-S17/MSL-Tm-actin7-S17 (open circle) and
MSL-Tm-Tn-actin7-S17 (þCa)/MSL-Tm-actin7-S17 (solid circle); MTSL-
Tm-Tn-actin7/MTSL-Tm-actin7-S17 (open triangle) and MTSL-Tm-Tn-
actin7-S17 (þCa) / MTSL-Tm-actin7-S17 (solid triangle).
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2370 Ueda et al.shifted from lower mobility to higher mobility in the decom-
posed spectra of MSL-160 and -174 (see Fig. S1). The effec-
tive rotational correlation times for these residues were
decreased from 1.8 to 1.5 ns and from 11.3 to 1.6 ns,
respectively.
In contrast, mobility of the residues at the C- and N-termi-
nal regions of Tm was changed less obviously and in some
variety, when Tn was added to Tm-actin7-S17 complex.
Both MSL- and MTSL-labeled residues 13 and 36 residues
were almost unchanged (Figs. 2 and 3). In contrast, both
MSL- and MTSL-labeled residues 279 were mobilized, as
were those in the mid-portion of Tm. The rotational correla-
tion times decreased from 2.2 to 1.5 ns for the mobilized
component of MTSL. Furthermore, the fraction of mobi-
lized component of MSL-279 was enhanced slightly by
0.2–0.3 although the peak height increased by 1.5 times
(see Fig. S1). The rotational correlation time for this mobi-
lized component was ~3.5 ns. However, both MSL- and
MTSL-labeled residues 271 were oppositely changed by
Tn binding. The height of the mobilized peak of the MSL-
271 residue was decreased by 30% (Figs. 2 and 4 B). The
spectrum of mobilized component became broadened (see
Fig. S1); the effective rotational correlation time increased
slightly from 1.4 to 1.6 ns. The mobilized peak of MTSL-
271 residue appeared broadened, indicating decreased
mobility. The results indicated that the mobility of the
side chain was not simply reduced by tertiary contact at
the Tn-binding sites in the C- and N-terminal regions of
Tm. The region in the C-terminus of Tm forms a head-to-
tail overlap with the N-terminal region of the next Tm.
Tropomyosins bind with each other and bind more tightly
with actin in the C-N joint region than in the mid-portion
(33). The structures surrounding the spin-labeled residues
are much more complicated in the joint than those in the
mid-portion.Effect of Ca2D
The results described above suggested that the structure of
the rigor acto-Tm-S1 complex is the most stable one and
that a small rearrangement in the tight-binding interface
among Tn, Tm, actin, and S1 occurs when Tn binds to
Tm. To evaluate whether the structure of the rigor acto-
Tm-Tn-S1 complex (in the open state) is affected by Ca2þ
binding, we examined the effect of Ca2þ on the spin-label
mobility of Tm. We found that the addition of Ca2þ ions
partially reversed the Tn-induced mobilization of Tm resi-
dues in the mid-portion of Tm on the reconstituted thin
filaments with S1 bound to them (Tm-Tn-actin7-S17). The
mobilized component was significantly reduced in the
spectra of MSL-146, -160, -174, -209, and -230, when
Ca2þ was added to the Tm-Tn-actin7-S1 complex (Figs. 2
and 3, red lines). The peak heights of the mobilized compo-
nents of these residues were significantly reduced, and then
increased only 1.5–1.8 times when Tn bound itself to the
Tropomyosin on S1-Bound Thin Filament 2371Tm-actin7-S17 complex in the presence of Ca
2þ (Fig. 4 B).
The immobilized peak shifted from higher mobility to lower
mobility in MSL-190. The effective rotational correlation
times for these residues were increased from 6.3 to 9.0 ns.
Similarly, the peak heights of the MTSL-146, -160, -174,
-190, -209, and -230 were reduced, and then increased
only 1.1 times by Tn binding in the presence of Ca2þ.
Changes in the spectra from MSL-146, -174, -209, and
-230 appeared to result from decreasing the fraction of
mobilized component by 0.07, 0.3, 0.13, and 0.12, respec-
tively (see Fig. S1). In contrast, the mobilized peaks shifted
from higher to lower mobility in the decomposed spectra of
MSL-160 (see Fig. S1). The effective rotational correlation
time for this residue was increased from 1.5 to 1.6 ns.
The mobility of the residues at the joint region of Tm was
again changed less obviously and in a complex manner,
when Tn was added to Tm-Tn-Actin7-S17 complex in the
presence of Ca2þ. The immobilization (opposite change)
of residue MSL-271 was reversed by Ca2þ binding. The
height of the mobilized peak of this residue was decreased
by only 17% when Tn bound itself to the Tm-actin7-S17
complex in the presence of Ca2þ (Fig. 4 B). The peak of im-
mobilized component of MSL- and MTSL-271 was sharp-
ened by the presence of Ca2þ (Fig. 3, also see Fig. S1). In
contrast, the mobility of the residues 36 and 279 depended
on the spin-label species; the height of mobilized peak
was increased for MSL-36 and decreased for MTSL-36 by
Ca2þ. The rotational correlation times of the residue 279
were decreased from 3.5 to 1.7 ns for MSL-279 and
increased from 1.5 to 2.2 ns for MTSL-279 (see Fig. S1).
The data presented here suggest that S1 induces distinct
structural changes of many residues of entire regions of
Tm in the reconstituted thin filament (Tm-Tn-actin7 com-
plex) in the presence and absence of Ca2þ. The Ca2þ-
induced structural changes were detected by fluorescence
resonance energy transfer or fluorescence polarization
studies in TnC (49), TnI (50), and TnT (51,52) on thin fila-
ments with S1 bound to them. It is therefore possible that the
Ca2þ-induced conformational changes in the Tn complex
resulted in small rearrangements in the tight-binding inter-
face among Tn, Tm, actin, and myosin, and particularly in
the interface between Tn and Tm.
However, the interaction of the Tm side chain with actin
and myosin may be highly stereospecific because the S1-,
Tn-, and Ca2þ-induced mobility changes of spin label was
more obvious with MSL than with MTSL. As shown in
Fig.1 A, MSL bound to cysteine is more bulky than MTSL
and has four dihedral angles, which seem to undergo steric
hindrance and contribute the static orientational distribution
in the protein frame. Therefore, mobility of MSL is strongly
affected by small-scale changes in the local protein environ-
ment. In contrast, MTSL is placed in more dynamic orienta-
tions with less steric hindrance due to its possessing a
flexible structure with five dihedral angles. Thus, mobility
of MTSL is less affected by small-scale steric hindrance.Possible mechanism of Ca2D regulation in
strongly bound actomyosin state
These results suggest that a small but significant mobility
change of the Tm side chains occurs when the Tn complex
binds to Tm and that the Ca2þ-induced conformational
changes in Tm result in small rearrangements in the tight-
binding interface among Tn, Tm, actin, and myosin. This
implies that even in the myosin-bound (open) state, Ca2þ
may regulate actomyosin contractile properties via Tm.
When the strong actin-binding state (AM-ADP(-Pi)) is pro-
duced, product release may be accelerated or suppressed by
the Ca2þ-dependent structural changes in the actin-Tm-
myosin interface that we observed in this study. Even if
the strong actin-binding state (AM-ADP(-Pi)) is produced
at a low Ca2þ concentration, Tn affects the actin-Tm-
myosin interface, causing slight disorder in the Tm structure
and inhibiting the ATPase cycle by holding the conforma-
tion of the thin filament in the OFF-state. At a high Ca2þ
concentration, Tn reverses the interface conformation, re-
sulting in the re-restriction of the Tm strands due to myosin
binding the thin filament during the formation of strong-
binding states, thus enhancing cross-bridge performance.
Karibe et al. (53) and Barua et al. (54) found that small
structural changes induced by amino-acid substitution of
Tm residues can modulate actomyosin contractile properties
in the in vitro motility assays whereas mutant Tm does not
alter binding affinity of myosin for reconstituted actin fila-
ments in the strong actin-binding state (AM-ADP). There-
fore, the small Ca2þ-induced structural change detected in
this study may play an important role in the contractile
properties of actomyosin in the strong-binding state. Ca2þ
regulation of the strong-binding state of actomyosin was
reported previously. The addition of the strongly bound
myosin analog n-ethylmaleimide S1 did not fully activate
the isometric tension of skinned muscle fibers at a low
Ca2þ concentration, and required a high Ca2þ concentration
for full activation (55). In contrast, at low Ca2þ and high
ATP concentrations but at very low ionic strength, particu-
larly at high temperature, tension was produced in the
skinned fibers during the formation of the strong actin-bind-
ing state (presumably AM-ADP) (56–61). Although associ-
ation and dissociation of myosin to actin was unaffected,
product release from the strong actin-binding state (AM-
ADP) and ATPase activity was suppressed, and therefore
very slow sliding velocity with high stiffness was observed
(60,61).
In summary, the spin-labeled residues in the mid-portion
of Tm, namely, 146, 174, 190, 209, and 230, were mobilized
when the Tn complex bound to the actin-Tm-S1 filaments.
The addition of Ca2þ ions partially reversed the Tn-induced
mobilization. In contrast, residues at the joint region of Tm
were unchanged or oppositely changed. To elucidate a high-
resolution model, we will consolidate the spectra from
equivalent positions by the pattern of mobility changesBiophysical Journal 105(10) 2366–2373
2372 Ueda et al.with continuous scanning of single-Cys mutants along the
entire Tm molecule. In fact, both of the spectral line shapes
and Tn- and Ca2þ-induced changes were very similar
among MSL-labeled residues 146, 209, and 230, and also
among MSL-labeled residues 36, 190, and 279 (Fig 2).
Additionally, the spectral shape and their changes were
similar among MTSL-146, -209, and -230, among MTSL-
160 and -174, and among MTSL-labeled residues 36, 190,
and 279 (Fig. 3). However, measurements of orientation
and distance are much more interpretable in terms of struc-
ture (30–32,37,43,44). Study on interspin distance between
Tm and actin in the reconstituted thin filament is now in
progress in our laboratory.SUPPORTING MATERIAL
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